Abstract: Irrigation practice for rice culture can be especially challenging in areas with limited water supply and soil salinization. In this study, we carried out a field experiment to assess the effects of different water discharge frequencies on soil salt content, rice yield and water use efficiency on a saline-sodic soil in a semi-arid region of Northeast China. The experiment comprised of three frequency levels of discharge [9-time (I-9-30), 6-time (I-6-30) and 3-time (I-3-30) discharge, all followed with a 30-mm irrigation] in comparison with the traditional irrigation practice of 2-time discharge followed with an 80-mm irrigation (I-2-80). Our initial hypothesis was that increasing discharge frequency would increase both salt reduction and rice yield. Daily precipitation was recorded by a nearby weather station, and evapotranspiration and soil water percolation rates were measured at experimental sites using soil pits. The measurements were used to establish a water balance for each treatment. Our results showed that soil salt reduction increased with the increasing discharge frequency at a 30-mm irrigation water depth. The 9-time discharge reduced a large amount of soil salt (995.0 kg ha −1 ) after five months of the study. Rice yield also increased with the increasing discharge frequency with a 30-mm irrigation water depth; however, when compared to the traditional 2-time discharge followed with an 80-mm irrigation, rice yield at the sites with more frequent discharge (i.e., I-9-30, I-6-30 and I-3-30) was 11%-18% lower. Because of this, rice yield and irrigation water use efficiency were significantly higher under the
Introduction
Covering approximately 187,000 km 2 , the Songnen Plain in northeast China is among the country's most important commodity grain production bases, where much of the rice crop is cultivated [1, 2] . With over 17% of the plain's land being saline-sodic soils and about 200 km 2 land becoming salinized each year [3, 4] , soil degradation resulting from salinization and alkalization is a major threat to agricultural productivity and sustainability [5] [6] [7] [8] . Ameliorating these soils is imperative for supporting long-term productivity, to meet future challenges of food security in China.
Many different ways have been used to ameliorate salt-affected soils over the last 100 years including crop-assisted interventions, tillage operations, chemical amendments, water-related treatments, and electrical currents [9] [10] [11] [12] [13] . However, these methods often bring prohibitively high costs for local farmers or are ineffective.
In the recent decade, there is now a general consensus that irrigated rice culture is an effective low-cost amelioration approach to prevent and/or reduce soil salinization [14] [15] [16] . Ameliorating salt-affected soils by irrigated rice culture can be accomplished through one or more of the following: (1) biological activity, i.e., the biological activity of rice roots can reduce soil exchangeable sodium percentage, increase the percolation rate, and lower soil pH to an extent [17] [18] [19] [20] ; (2) leaching, i.e., the standing water in the irrigated rice field can transporting salts downward and blocking capillary rise of salt from the water table to the soil surface [21] ; and (3) surface runoff. The first approach is difficult to control, whereas the irrigation and discharge schedule can affect at least the last two of the above three approaches. In fact, due to poor permeability of saline-sodic soil on the Songnen Plain [22, 23] , the salt losses may mainly depend on surface runoff rather than leaching. However, while effects of different irrigation schedules on soil salt and rice yield were widely reported [24] [25] [26] [27] , few field studies exist on the effect of discharge frequency on salt removal of saline-sodic soils under rice culture, a knowledge that is crucial for large-scale rice paddy management on China's Songnen Plain.
The climate of the Songnen Plain is characterized by semi-arid continental monsoons. Seasonal water shortage and inadequate use (e.g., excess irrigation) have been among the most critical issues in agriculture of this region [28] . With the projected increase of temperature for the region [29] , it is essential to develop water saving irrigation strategies or to improve water use efficiency to meet future challenges. There are two prevalent water saving methods, i.e., wet saving and dry saving. Wet saving is achieved by reducing the unproductive water losses by soil water evaporation or evapotranspiration [30, 31] . In practice, it can be achieved by growing short duration variety requiring less water [32] and shifting the transplanting date to the period with lower relative evaporative demand [33] .
Dry saving is achieved through reduction in irrigation water applied by submergence non-submergence (SNS) technology or intermittent irrigation applied, a few days after water has disappeared from the soil surface [34] [35] [36] . Liu et al. [25] carried out a field experiment to determine the effect of dry saving on rice yield on a salt-affected soil in a yellow river irrigation area of Ningxia and their results showed that dry saving led to a rise in rice production. However, saline-sodic soil dominated by carbonate and bicarbonate salts in Songnen plain becomes alkaline and the combination of salinity and alkalinity may be more harmful than either alone [37] . Thus, dry saving may not be suitable for this soil as it would cause high salt concentration in root zone and then constrain crop growth and bring about yield loss. This was confirmed by Wang's [27] study that rice yield performed better at the irrigation water depth of 70 mm than at 40 mm and 10 mm in a saline-sodic soil on the Songnen Plain. Consequently, continual flood irrigation with a proper water layer maybe still need to ameliorate the saline-sodic soil on the Songnen Plain. Now that it is difficult to save water by reducing irrigation amount on the saline-sodic soil, improving irrigation water use efficiency is quite important. The discharge schedule is an important practice in rice cultivation and can affect irrigation water use efficiency. However, little information exists on the effects of discharge frequency on irrigation water use efficiency. The knowledge can be vital to developing effective irrigation water management for rice cultivation on saline-sodic soils.
This study was carried out on a saline-sodic soil in the Qianguo Irrigation District on the Songnen Plain. The study aimed to: (1) assess changes in salt mass of top 20-cm root zone soil before rice transplanting and after rice harvesting under different discharge schedules; (2) examine the effects of discharge schedules on rice yield and yield components; (3) determine water consumption, irrigation water use efficiency (IWUE) and water use efficiency (WUE) under different discharge schedules.
Materials and Methods

Study Site
The experiment sites were located in the southern part of the Songnen Plain (latitude 45°04'07.5" N, longitude 124°39'38.8" E, Figure 1) . The region has a semi-arid continental monsoon climate with an annual precipitation varying approximately from 350 to 600 mm, an annual temperature of 4.0-5.5 °C, and an annual evaporation rate up to 1100 mm [4] . Precipitation is concentrated in the summer, making approximately 90% of the annual total precipitation during the period from May to October. Major agriculture crops cultivated on the plain include rice, wheat, corn and soybean, with their average grain yield of 5.23, 2.81, 4.36 and 1.82 t ha −1 , respectively [4] . Main soil types on the Songnen Plain include paddy soil, black soil, chernozem, meadow soil, swamp soil, halic soil, and sandy soil [4] . In the semiarid regions of China, soil salinity is divided into low (20-cm soil salt content between 1000 mg kg ). 20-cm initial top root zone soils at the study sites were low salinity and were loamy with a composition of Clay:Silt:Sand = 8.5:43.7:47.8. The average salt content, EC 1:5 , pH value and bulk density of the initial top soils were 1653.9 mg kg 
Experiment Design
This study used a complete randomized plot design with three treatments on a low saline-sodic soil. The treatment plot was rectangular, 13.4 m long and 5 m wide, surrounded on all sides by a 0.3 m × 0.2 m ridge for irrigation flood (Figure 2 ). To prevent seepage from one plot to another, plastic films were installed uprightly in the middle of the ridges. Four irrigation and discharge treatment schedules were experimented: (1) 30-mm irrigation water depth with 9-time discharge (I-9-30); (2) 30-mm irrigation water depth with 6-time discharge (I-6-30); (3) 30-mm irrigation water depth with 3-time discharge (I-3-30); and (4) 80-mm irrigation water depth with 2-time discharge (I-2-80). The plots under all treatments were first filled with 150 mm of water prior to rice planting; they were then completely drained after 10 days, and were filled again with 20 mm of water at the time of rice transplanting. After that, the I-9-30, I-6-30, I-3-30 and I-2-80 treatments were irrigated to a water depth of 30, 30, 30 and 80 mm, respectively. Irrigation water was applied again under all treatments when water disappeared from the soil surface (Table 1 (Table 2) . At each discharge, the plots were completely drained and were then irrigated immediately after. Floodwater from precipitation ran out naturally when it exceeded 0.2 m (the height of the plot ridge), and this portion of discharged water was accounted for the total discharged water. 
Treatments PTS RTS RGS TS JBS YRS
I- 9-30  150  20  30  30  30  30  I-6-30  150  20  30  30  30  30  I-3-30  150  20  30  30  30  30  I-2-80  150  20  80  80  80  80   Table 2 . Paddy field discharge schedule. PTS is pre-transplantation stage. Before planting a popular basal fertilizer, "Special fertilizer for rice" (Liaoning Northeast Abundant Specific Fertilizer Co., LTD., Tieling, China) with a composition of N:P:K = 18:14:14, was applied at the rate of 500 kg ha −1 for each plot. In addition, the following fertilizers and pesticides were applied at different growing stages: 50 kg ha of isoprothiolane was top dressed at the heading stage. Rice was harvested from all plots on 9 October 2011.
Measurements
Test pits of 1 m × 1 m × 0.3 m with and without bottom seal with plastic films were constructed for evapotranspiration and soil percolation measurements (Figure 2 ). Pits with bottoms had bottoms and four side walls fully enclosed by plastic films, whereas pits without bottoms only had four side walls fully enclosed by plastic films. Water consumption in the test pits with bottoms was lost only through evapotranspiration, while water consumption in the test pits without bottoms was considered the total of evapotranspiration and soil percolation. Staff gauges were installed in the experiment plots and test pits to record changes in water depth. Irrigation and drainage waters were measured by the staff gauges.
Rainfall was recorded at a meteorological observation station of the Key Experimental Station of Irrigation Management Bureau of Qianguo Irrigation District, which was approximately 0.4 km south of the experiment plots.
When rice grains were mature, five plants were randomly selected from each plot and harvested to determine yields of different components, including panicle number per plant, spikelet per panicle, seed setting rate and 1000-grain weight. All plots were harvested to determine the final yields.
Soil and Water Sampling and Analysis
Five composed soil samples were taken from the root zone soil (20-cm top soil) at the corners and center of each plot two-time during the study period: (1) before transplanting (BT) and (2) harvest time (HT). The samples were air dried, from which soil solutions were extracted (1:5 soil:water). The solutions were analyzed for Na [38]. EC 1:5 was determined by a conductivity meter (DDS-307, Shanghai Leici, Shanghai, China). Soil pH was determined by a pH meter (PHS-3C, Shanghai Leici, Shanghai, China).
Irrigation and discharged waters were sampled each time with three repeats. The water samples were analyzed for the same chemical elements with the same analytical methods as described above for the extracted soil solutions.
Data Analysis
Mass changes in root zone salt content (ΔS, kg ha ) before rice transplanting and after rice harvesting was determined as follows:
where ISC is the initial salt content of top 20-cm root zone soil (i.e., before transplanting, kg kg Based on a water balance principle, the change of field surface water depth (ΔW, mm) can be computed by:
where P is precipitation (mm), I is irrigation amount (mm), ET is evapotranspiration (mm), DP is deep percolation (mm) and D is discharge amount (mm). P and I can be considered as water supply, while ET, DP and D can be considered as water consumption during the rice production. Irrigation water use efficiency (IWUE, kg ha
) may be calculated as units of rice yield per unit land area divided by irrigation quantity:
where Y is rice yield (kg ha
), I is irrigation quantity (mm). Another key parameter for evaluating rice crop system efficiency is the water use efficiency (WUE, kg ha
), ET is evapotranspiration (mm). A one factor analysis of variance (ANOVA) was performed to determine treatment effects. If significant differences were revealed, Turkey's multiple range tests (p ≤ 0.05) were used for the separation of means. All statistical procedures were performed using SPSS 18.0 (Version 18.0, SPSS, Chicago, IL, USA).
Results and Discussion
Soil Salt, Electrical Conductivity and pH
In the saline-sodic soil plots, different reduction in root zone salt content was found before rice transplanting and after rice harvesting: 995.0 kg ha under treatment I-2-80 (80-mm irrigation water depth with 2-time discharge) (Figure 3) . The results showed a declining trend of reduction in root zone salt with decreasing discharge frequency at the same irrigation water depth (30 mm). However, the reduction was remarkably lower under I-3-30 than under I-2-80, although the discharge frequency was slightly higher under I-3-30 than under I-2-80. This may be because the irrigation water depth was notably lower under I-3-30 (30 mm) than under I-2-80 (80 mm) so that less salt was leached into deeper soil layers. under I-2-80. The finding also implies that under the irrigation schedule with comparatively low discharge frequency (i.e., I-6-30, I-3-30 and I-2-80), the root zone soil got alkalified in the process of desalinization. The similar phenomenon was observed by Chen et al. [39] .
The two main ways to remove salt by irrigated rice cultivation are leaching and discharge. There have been several studies that specifically examined the leaching effect on salt removal. Ceuppens and others [21] reported that irrigated rice cropping without discharge reduced root zone salinity, which was due to the leaching effect of the ponded water layer in irrigated rice field; Study by Liu et al. [25] revealed that soil salt concentration reduced by 51.4% under insufficient irrigation conditions (i.e., soil water content were limited to saturated water content or less) in a yellow river irrigation area of Ningxia, China; Ghafoor et al. [40] explored the impact of tile drain with marginal quality water irrigation on EC e during reclamation of saline-sodic soil on the Indus Plains of Pakistan and found that the EC e of 0-15 cm and 15-30 cm soils reduced by 14%-51% in different years. However, the leached salt was temporarily moved to deeper soil layer during rice growth season and may return to soil surface during the off-season through capillary rise, whereas the discharged salt will never move back. However, few studies focused on how much salt was removed under different discharge schedules. We put forward that the reduction in root zone soil salt increased with increasing discharge frequency and the differences in reduction in root zone salt among different discharge schedules were profound.
Rice Yield and Yield Components
Under the four different irrigation and discharge treatments, rice yield was found significantly higher under I-2-80 than those under other three schedules: 6864 kg ha under I-2-80 (Table 3 ). The results showed that although there was a positive relation between rice yield and discharge frequency, no significant differences in rice yield among the treatments I-9-30, I-6-30 and I-3-30 were found. This may be due to much soil nutrient elements (i.e., N and P) ran off for frequent discharge schedules. The results also indicate that rice yield performed better in deep water (i.e., 80-mm under I-2-80) than in shallow water (i.e., 30-mm under I-9-30, I-6-30 and I-3-30). This is in agreement with the findings by Wang et al. [27] that rice yield in a saline-sodic soil on the Songnen Plain performed better at the irrigation water depth of 70 mm than at 40 mm and 10 mm. Whereas Zeng et al. [24] reported that rice yield under salt stress was lower at the water depth above 100 mm than that below 100 mm. These findings revealed that irrigation water depth plays an important role in rice yield, whereas discharge frequency has less effect on rice yield. Table 3 . Rice yield and yield components. Means in the same column followed by the same letter are not significantly different at the 0.05 level. . No significant differences in seed setting rate or 1,000-grain weight among the four treatments were found. These results collectively demonstrated that the I-2-80 treatment increased rice yield mainly by increasing spikelet per panicle compared with the other three treatments. This was partly in accordance with the findings by Wang et al. [27] that deep irrigation water depth (70 mm) increased rice grain yield mainly by increasing rice spikelet per panicle and percent filled spikelet and alleviating the tillering inhibition when compared with shallow irrigation water depth (i.e., 40 mm and 10 mm).
Water Consumption
Total rainfall, irrigation amounts, Evapotranspiration (ET), deep percolation and discharge amount were shown in Table 4 . The results showed that the total inputs of water for I-9-30, I-6-30, I-3-30 and I-2-80 were 996 mm, 906 mm, 886 mm, and 806 mm, respectively; the difference in ET among the four treatments was small; Total amount of water discharged was much higher under I-9-30 and I-6-30 than under I-3-30 and I-2-80. Table 4 . Water balance components (mm). P = precipitation, I = irrigation amount, ET = evapotranspiration, DP = deep percolation, D = discharge amount, ΔW = change of field surface water depth. Means in the same column followed by the same letter are not significantly different at the 0.05 level. ET is affected by soil water content. Liu et al. [25] reported that the ET value ranged from 589.1 to 761.5 mm under different insufficient irrigation schedules, which resulted from different water stress. Our study showed there was no relationship between total water input and ET, as well as between total water input and soil percolation under different discharge schedules, indicating that the soil was well watered throughout the study period. Overall, discharge was positively related with total water input, but the difference was marginal between I-3-30 (121 mm) and I-2-80 (124 mm) even though I-3-30 received significantly higher input than I-2-80 (886 mm vs. 806 mm). I-6-30 received higher water input (906 mm) and had a significantly higher discharge than I-3-30 and I-2-80. These results may imply that a total water input of about 900 mm could completely saturate the soil throughout a growing season on the Songnen Plain if weather conditions are similar like the study year.
Rice Water Use Efficiency
Based on the water consumption and rice yield, irrigation water use efficiency (IWUE) for each plot was computed and the results were shown in Table 5 . IWUE was significantly higher under I-2-80 than under I-3-30 and significantly higher under I-3-30 than under I-6-30 as well, whereas no significant difference in IWUE between I-6-30 and I-9-30 was found. This was mainly a result of the much higher total water input to I-9-30 and I-6-30, but relatively small difference in rice yield among the treatments. Calculated by the rice yield and irrigation amount reported by Xi et al. [41] , the IWUE value varied from 12.2 to 26.1 kg ha
under different irrigation schedules in a salt-affected soil on the Songnen Plain. Liu et al. [25] reported that the IWUE value ranged from 12.4 to 17.2 kg ha
under different insufficient irrigation schedules in a salt-affected soil on a yellow river irrigation area of Ningxia. These findings showed that rice IWUE were quite diverse under different irrigation and discharge schedules.
Based on the ET and rice yield, water use efficiency (WUE) for each plot was computed and the results were shown in Table 5 as well. In general, WUE were lower than those of IWUE under all four treatments. This could be attributed to the ET value was higher than the amount of irrigation water applied under all four treatments. However, unlike the IWUE values, there were no significant differences in the WUE values among the four treatments. This could be due to the gaps in the ET values among the four treatments were small. Despite of that, the mean WUE value was slightly higher under I-2-80 than under all other three treatments. 
Conclusions
This study carried out a field irrigation experiment with three discharge frequencies-9 times, 6 times, and 3 times-all of which were followed by an irrigation of 30-mm water depth. Our initial hypothesis was that the increase of discharge frequency would increase both soil salt reduction and rice yield. The hypothesis was proven true in terms of soil salt reduction. In terms of rice yield, however, the study showed mixed results. Rice yield increased slightly with the increase of discharge frequency following a 30-mm irrigation; but, when compared with the traditional deep-water irrigation (80 mm) with 2-time discharge, rice yields in all treatment plots with frequent discharge were 11%-18% lower. This indicates that shallow irrigation may cause rice yield reduction. However, on the other hand, frequent discharge reduces more soil salt. It is a trade-off among salt reduction, rice yield and water use efficiency when considering selection of irrigation and discharge schedules. Further studies are needed to separate the effect between discharge and irrigation depth and to more precisely determine an optimal irrigation-discharge schedule for both rice production and ameliorating the widespread saline-sodic soils on the Songnen Plain.
